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Asking the auditory cortex the right question
Recordings in different parts of the cortex are beginning to reveal
how animal communication calls are analyzed by the brain.
Despite the importance of auditory regions of the cortex
in the perception of communication sounds - including
human speech - we still have a very incomplete under-
standing of how biologically relevant features of complex
sounds are processed at this level of the brain. The audi-
tory cortex is found in the temporal lobe and consists of
a primary field, AI, together with several surrounding
areas which can be distinguished on the basis of their
cytoarchitecture, connections and physiological response
properties [1,2]. Area AI receives the largest thalamo-
cortical projection and is characterized by a systematic
mapping of sound frequency across one of its dimensions.
This tonotopic organization mirrors the variation in fre-
quency tuning found among hair cells located at different
points along the length of the cochlea, and is also seen in
some of the other cortical areas.
It was recognized thirty years ago that although cortical
neurons respond to a large variety of stimuli, they often
prefer more complex sounds to pure tones [3]. It there-
fore seems likely that a successful approach to under-
standing the functions of the cortex will be to probe the
responses of its neurons with natural sound sources,
rather than providing a description of how neurons
encode the physical dimensions of simple sounds such as
the frequency and amplitude of pure tones [4]. Indeed,
the most complete descriptions of the functional organi-
zation of the auditory cortex or its non-mammalian
equivalent have come from neuroethological studies,
which have revealed the existence of neurons that are
tuned to behaviourally important acoustical signals in
song birds [5] and echolocating bats [6]. But in mammals
with less stereotyped auditory behaviour, it is more
difficult to identify the most appropriate stimulus for
auditory cortical neurons from the huge range of
potentially interesting sounds.
Complex sound analysis in the mammalian auditory cortex
Most biological communication signals, including human
speech and other complex sounds, such as music, are
characterized by complex spectra - the distribution of
energy as a function of frequency - and by variations in
amplitude and frequency composition over time (Fig. 1).
Because of the large number of parameters involved, an
intermediate approach to the study of auditory responses
to natural vocalizations is to examine whether cortical
neurons respond selectively to particular aspects of these
signals, such as spectral content or temporal modulation.
In the cochlea, each audible frequency is represented at a
different point along the one-dimensional receptor
surface. But in area AI, neurons that are tuned to the
same sound frequency form slabs that extend into the
depth of the cortex and tangentially across its surface in a
direction approximately orthogonal to the tonotopic axis.
In cats, several response properties, including the band-
width and shape of the frequency response profiles
[7-10] and the sensitivity to frequency-modulated sounds
[9-11] vary systematically across the isofrequency
regions. The idea that information is processed in Al
within frequency-specific channels must be treated with
caution following the demonstration that the spatial dis-
tribution of neurons activated by a given stimulus
changes markedly with sound level, and may extend well
beyond a single isofrequency channel [12]. Nevertheless,
these response properties and the recently described sen-
sitivity of cat AI neurons to the spectral profile of broad-
band sounds [13] appear to be suited to extracting the
spectral peaks and gradients that are features of a number
of natural communication sounds, including the
harmonic structure of human vowels.
Functional specialization beyond the primary cortex
In addition to this role in the preprocessing of
vocalization sounds, AI is also involved in the analysis of
other attributes of sound sources, including their ampli-
tude and location. Following the principles that operate
in the visual system, we might expect other cortical fields
that, on the basis of their connectivity patterns, occupy a
higher level than AI to contain neurons with more
specific stimulus requirements, and that there may be one
or more areas that are particularly concerned with the
processing of communication signals. Although there are
Fig. 1. Examples of rhesus monkey vocalizations. The upper
traces are spectrograms showing the variation in amplitude (rep-
resented by the darkness of the trace) across frequency and over
time. The lower traces represent the waveforms of these vocal-
izations, showing how the amplitude (summed across all fre-
quencies) changes as a function of time. (a) Call dominated by
noisy components. (b) Call containing several harmonic compo-
nents. These calls have a similar duration and overall band-
width, but vary in their acoustic structure. Modified from 120].
© Current Biology 1995, Vol 5 No 101110
ANDREW J. KING HEARING
DISPATCH 1111
some indications that temporal response properties vary
among different auditory fields in the cat cortex [14,15],
the best evidence that separate auditory areas have dis-
tinct roles in processing biologically important acoustic
signals has come from studies of the echolocating mus-
tached bat. Suga and colleagues [6] have shown that cor-
tical neurons in fields outside Al are tuned to particular
combinations of different harmonic components of the
bat's orientation sonar pulse and its Doppler-shifted echo.
The pairs of sounds to which the neurons are tuned vary
systematically across the cortical surface to form neural
maps of biosonar information, including the range and
relative velocity of objects in the bat's flight path.
superior temporal gyrus, although verification of this,
and equivalence between tonotopically distinct regions
and anatomical subdivisions of this region that have been
reported previously [2], will require an examination of
their connections and cytoarchitecture.
Rauschecker and colleagues also found that the preferred
bandwidths of the noise stimulus varied topographically
in a medio-lateral direction - that is, orthogonal to the
axis of best centre frequencies. This two-dimensional
arrangement of response preferences resembles that
described for Al, with the important exception that the
organization of the lateral belt areas only became
Functional imaging studies in human subjects have
provided evidence that certain cognitive tasks related to
the perception of language and music are lateralized to
different regions of the cortex [16-19]. For example,
although speech sounds activate the temporal lobes bilat-
erally, word comprehension and analysis of phonetic
structure may particularly involve Wernicke's area and
Broca's area, respectively, in only the left hemisphere
[16,18]. Evidence for equivalent areas associated with the
processing of communication calls in other primates is
missing and, at present, we know very little about the
functional organization of neurons in non-primary areas
of the cortex.
In a recent study, Rauschecker et al. [20] examined the
response properties of neurons in the non-primary lateral
belt region of the auditory cortex of the rhesus monkey
(Fig. 2). Working with an analogy to the situation in the
visual system, where neurons in extrastriate visual cortex
have larger receptive fields and more specific stimulus
requirements than those in the primary visual area, they
used a combination of band-passed noise and digitized
monkey calls as their stimuli. The majority of neurons
they recorded from responded better to band-passed
noise than to pure tones, suggesting that their inputs had
been integrated over a range of frequencies. This obser-
vation has also been made for other levels of the auditory
system outside the primary ascending pathway.
Rauschecker and colleagues went on to examine the
selectivity of lateral belt neurons to noise bursts by vary-
ing the bandwidth and the centre frequencies of the
stimuli. They found that a 'best' centre frequency could
be ascribed to each neuron. This remained largely
unchanged for electrode penetrations that extended radi-
ally into the depth of the cortex, but varied across its sur-
face. Although their data set was fairly limited, they
observed two reversals in the orderly progression of best
centre frequencies: the values decrease, then increase, and
finally decrease again in a rostro-caudal direction. The
functional borders of auditory cortical fields are often dif-
ficult to determine electrophysiologically, and a reversal
in frequency gradient is regarded as an important cri-
terion for identifying the boundary between different
areas. These results therefore suggest that three tonotopic
areas exist within the lateral belt region of the macaque
Fig. 2. (a) Lateral view of the left cerebral hemisphere of the
rhesus monkey. The area shown in dark pink indicates the loca-
tion of the lateral belt region on the exposed surface of the supe-
rior temporal gyrus. (b) Coronal section through the hemisphere
at the level indicated by the blue arrowheads in (a). The primary
auditory cortex, Al (green), lies on the caudal superior temporal
plane, deep within the lateral sulcus. It is therefore hidden from
view by the overlying parietal cortex. A belt of cortex comprising
several cortical fields lies adjacent to Al (orange and dark pink).
The detailed parcellation of these non-primary fields is currently
uncertain 121. The lateral belt region, L (dark pink), which proba-
bly consists of several different areas, extends laterally alongside
Al on the superior temporal plane and round onto the exposed
lateral bank of the superior temporal gyrus.
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apparent when band-passed noise stimuli, rather than
pure tones, were used.
Several studies have examined the responses of primate
auditory cortical neurons to species-specific vocaliza-
tions, in which the signal amplitude can vary both across
frequency and over time (Fig. 1; see [1] for review).
Recordings were made from AI in most of these studies,
and these revealed that the majority of neurons respond
to such sounds, although few are tuned to particular calls.
It therefore seems likely, as concluded by Steinschneider
et al. [21] from their analysis of responses in monkey AI
to speech sounds, that the complex acoustic signals that
characterize communication calls are encoded at this
level of the cortex by the overall spatio-temporal pattern
of activity across many neurons.
Because of the possible homology between the lateral
belt region of the rhesus monkey cortex and the compa-
rable part of the human superior temporal gyrus - an
area that may be particularly involved in speech percep-
tion - Rauschecker and colleagues [20] also examined
the responses of these neurons to a series of energy-
matched vocalizations. They reported that nearly 90 % of
the neurons tested within the three tonotopic regions of
the lateral belt exhibited a level-independent preference
for certain types of call. In most cases, however, this
selectivity of response was rather weak and, according to
their criteria, only 7 % of these units strongly preferred
one particular call. Nevertheless, the neurons did respond
better to most types of vocalization than to energy-
matched tonal or band-passed noise stimuli, indicating
the importance of the spectral and/or temporal structure
of the call in eliciting a response.
It is important to determine whether tuning to
conspecific vocalizations can be explained in terms of the
sensitivity of the lateral belt neurons to simpler, artificial
stimuli. In some neurons, responses to different fre-
quency components of the calls matched the frequency-
selectivity revealed with band-passed noise. More
interestingly, other neurons gave much greater responses
to complete calls than to the filtered components, sug-
gesting that the preference for these stimuli may derive
from non-linear facilitatory mechanisms, arising either
within the lateral auditory fields or at an earlier stage of
processing. Similar findings have also been reported for
neurons that encode biosonar information in the cortex
of the echolocating bat [6] and for song-selective neurons
in the avian forebrain [5].
Demonstrating selectivity to complex acoustic stimuli is
problematic because of the large number of signals to
which a cortical neuron may potentially respond. A
neuron may appear to favour one particular stimulus only
because other sounds that may be equally effective have
not been tested. Conversely, a lack of specificity may
reflect the absence of the one really effective cue from
the stimulus set. It also seems likely that responses to
communication calls will depend on their behavioural
relevance and the context in which they are presented.
Employing an optimization search procedure [22] may
help in determining stimulus preferences by identifying
the combination of parameters that evoke the best
response, although the usefulness of this approach may be
limited by the nonlinear summation exhibited in both
the frequency and time domains by auditory neurons in
the lateral belt region of the superior temporal gyrus.
Notwithstanding these considerations, the data presented
by Rauschecker et al. [20] suggest that the lateral belt
neurons are not highly specialized feature detectors, each
responding exclusively to a particular communication
call. Their response properties suggest that it is more
appropriate to regard them as filters that are tuned to
elements of these biologically important signals - but
what these elements are remains to be determined. This
type of neural code, in which the calls are presumably
represented by different patterns of activity across an
ensemble of neurons, would seem to be more consistent
with the large repertoire of rhesus monkey vocalizations,
and particularly of human speech sounds. It would
clearly be of interest to know whether the preference of
neurons for particular types of macaque call varies within
or between the three tonotopic areas identified by
Rauschecker et al. [20] with band-passed noise, and
whether there are any differences between the two hemi-
spheres. Moreover, confirmation that communication
sounds are processed in a hierarchical sequence will
require a careful comparison of the response properties of
neurons in different cortical areas.
Plasticity in the neural representation of complex sounds
Although counting action potentials is the usual index
used by neurophysiologists to measure the responsiveness
of sensory neurons, there is increasing evidence that
synchronized discharges between different neurons may
allow more precise coding of information and a means of
linking activity in different parts of the brain. Moreover,
changes in the strength of coupling appear to be associ-
ated with the reorganization of cortical representations
that accompany improvements in perceptual perfor-
mance [23]. Given the lack of evidence for individual
vocalization detectors, it is possible that communication
calls are represented by synchronized responses in distrib-
uted networks of cortical neurons. Learning to discrimi-
nate and categorize new complex sound patterns,
produced by members of the same or different species,
may then be accompanied by remodelling of these
functional connections.
Ark,uolcdelcmiits: A.J.K. is a Wellcome Senior Research Fellow.
Thanks to David Moore and Ian Thompson for their comments
on an earlier version of the manuscript.
References
1. Brugge F, Reale RA: Auditory Cortex. In Cerebral Cortex, vol. 4.
Edited by Peters A, Jones EG. New York: Plenum Publishing;
1985:229-271.
2. Morel A, Garraghty PE, Kaas IH: Tonotopic organization, archi-
tectonic fields, and connections of auditory cortex in macaque
monkeys. J Comp Neurol 1993, 335:437-459.
DISPATCH 1113
3. Whitfield IC, Evans EF: Responses of auditory cortical neurons to
stimuli of changing frequency. / Neurophysiol 1965, 28:655-672.
4. Masterton RB: Role of the central auditory system in hearing: the
new direction. Trends Neurosci 1992, 15:280-285.
5. Margoliash D, Fortune ES: Temporal and harmonic combination-
sensitive neurons in the zebra finch's HVc. J Neurosci 1992, 12:
4309-4326.
6. Suga N: Processing of auditory information carried by species-
specific complex sounds. In The Cognitive Neurosciences. Edited
by Gazzaniga MS. Cambridge, Massachusetts: MIT Press; 1995:
295-313.
7. Sutter ML, Schreiner CE: Physiology and topography of neurons
with multipeaked tuning curves in cat primary auditory cortex.
I Neurophysiol 1991, 65:1207-1226.
8. Schreiner CE, Sutter ML: Topography of excitatory bandwidth in cat
primary auditory cortex: single-neuron versus multiple-neuron
recordings. J Neurophysiol 1992, 68:1487-1502.
9. Heil P, Rajan R, Irvine DRF: Sensitivity of neurons in cat primary
auditory cortex to tones and frequency-modulated stimuli. II: orga-
nization of response properties along the 'isofrequency' dimension.
Hear Res 1992, 63:135-156.
10. Shamma SA, Fleshman JW, Wiser PR, Versnel H: Organization of
response areas in ferret primary auditory cortex. Neurophysiol
1993, 69:367-383.
11. Mendelson R, Schreiner CE, Sutter ML, Grasse KL: Functional
topography of cat primary auditory cortex: responses to
frequency-modulated sweeps. Exp Brain Res 1993, 94:65-87.
12. Phillips DP, Semple MN, Calford MB, Kitzes LM: Level-dependent
representation of stimulus frequency in cat primary auditory
cortex. Exp Brain Res 1994, 102:210-226.
13. Schreiner CE, Calhoun BM: Spectral envelope coding in cat primary
auditory cortex: properties of ripple transfer functions. Auditory
Neurosci 1994, 1:39-61.
14. Schreiner CE, Urbas IV: Representation of amplitude modulation in
the auditory cortex of the cat. II. Comparison between cortical
fields. Hear Res 1988, 32:49-64.
15. Tian B, Rauschecker P: Processing of frequency-modulated sounds
in the cat's anterior auditory field. Neurophysiol 1994,
71:1959-1975.
16. Price C, Wise R, Ramsay S, Friston K, Howard D, Patterson K, Frack-
owiak R: Regional response differences within the human auditory
cortex when listening to words. Neurosci Lett 1992, 146:179-182.
17. Sergent J, Zuck E, Terriah S, MacDonald B: Distributed neural net-
work underlying musical sight-reading and keyboard performance.
Science 1992, 257:106-109.
18. Zatorre RJ, Evans AC, Meyer E, Gjedde A: Lateralization of phonetic
and pitch discrimination in speech processing. Science 1992,
256:846-849.
19. Zatorre RJ, Evans AC, Meyer E: Neural mechanisms underlying
melodic perception and memory for pitch. Neurosci 1994,
14:1908-1919.
20. Rauschecker JP, Tian B, Hauser M: Processing of complex sounds in
the macaque nonprimary auditory cortex. Science 1995,
268:111-114.
21. Steinschneider M, Arezzo JC, Vaughan Jr HG: Tonotopic features of
speech-evoked activity in primate auditory cortex. Brain Res 1990,
519:158-168.
22. Nelken I, Prut Y, Vaadia E, Abeles M: In search of the best stimulus:
an optimization procedure for finding efficient stimuli in the cat
auditory cortex. Hear Res 1994, 72:237-253.
23. Merzenich MM, Sameshima K: Cortical plasticity and memory. Curr
Opin Neurobiol 1993, 3:187-196.
Andrew J. King, University Laboratory of Physiology,
Parks Road, Oxford OX1 3PT, UK.
THE AUGUST 1995 ISSUE (VOL. 5, NO. 4) OF
CURRENT OPINION IN NEUROBIOLOGY
includes the following reviews, edited by Randall Reed and Wolf Singer, on Sensory Systems:
Family of cyclic nucleotide gated ion channels by U. Benjamin Kaupp
Genetic approaches to mechanosensory transduction by Maurice Kernan and Charles Zuker
Molecular machinery of auditory and vestibular transduction
by Peter G. Gillespie
The genetics of olfaction by Irene C. Griff and Randall R. Reed
Dual second-messenger pathways in olfactory transduction
by Barry W. Ache and Aslbek Zhainazarov
Relation of chemical structure to specificity of response in olfactory glomeruli
by Kensaku Mori
Pattern recognition in insects by Martin Heisenberg
Olfactory learning by Eric B. Keverne
Order and disorder in auditory cortical maps by Christoph E. Schreiner
Parallel versus serial processing: new vistas on the distributed organization of the visual system
by Jean Bullier and Lionel G. Nowak
Temporal structure in spatially organized neuronal ensembles: a role for interneuronal networks
by Gy6rgy Buzsiki and James J. Chrobak
Correlated firing in sensory-motor systems by Peter K6nig and Andreas K. Engel
Binding in models of perception and brain function by Christoph von der Malsburg
